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EXPERIMENTAL DETERMINATION OF THE EFFECT OF 
NEGATIVE DIHEDRAL ON LATERAL STABILITY 
AND CONTROL CHARACTERISTICS AT HIGH 
LIFT COEFFICIENTS 
By Marion 0. McKinney, Jr. 

SUMMARY 


The effects of negative dihedral on lateral stability 
and control characteristics at high lift coefficients have 
•been determined by flight tests of a model in the Langley 
free-f light tunnel. The geometric dihedral angle of the 
model wing was varied from 0° to -20° and the vertical- 
tail area, from 0 to 35 percent of the wing area. The 
model was flown with various combinations of dihedral angle 
and vertical-tail area at lift coefficients of 1.0, 1.4, 
and 1.8. 


As the effective dihedral was decreased from 0° 
to - 150 , the model became increasingly difficult to fly. 
With an effective dihedral of -15° the flying character- 
istics were considered to be dangerous because, when there 
was only a slight lag in the application of corrective 
control following a disturbance,, the unstable moments 
resulting from spiral instability became sufficiently large 
to overpower the moments of the controls so that return 
to straight flight was impossible. Inasmuch as full-scale 
airplanes because of their greater size will diverge at 
a slower rate than free-f light models, the amount of nega- 
tive effective dihedral that would constitute a dangerous 
condition is expected to be greater for full-scale air- 
planes. 

' Increasing the directional stability reduced the 

magnitude of the sideslip and improved the general flight 
behavior. In the negative effective-dihedral range, 

* increasing the lift coefficient from 1.0 to 1.8 had a 

slightly detrimental effect on the general flight -ehavior 
of the model at any given value of effective dihedral and 
directional stability. 
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* INTRODUCTION 


Tests cf modern military airplanes have indicated 
that large changes in dihedral effect may occur over the 
speed range of an airplane operating under high-power 
conditions. This change in dihedral effect may cause an 
airplane that has a normal amount of positive effective 
dihedral in the high-speed condition to have large nega- 
tive effective dihedral in the flaps -down, low-speed, 
high-power condition (wave-off, landing- approach, or take- 
off condition). 

Previous tests (reference 1) have indicated that 
slightly negative dihedral effect is not objectionable 
and that spiral stability is not important. It was 
desired to extend the previous work to higher lift coef- 
ficients and to determine how much negative dihedral could 
be tolerated without excessive detrimental effects on 
flying characteristics . Flight tests of a. model with 
variable dihedral have therefore been conducted in the 
Langley free -flight tunnel in order to determine experi- 
mentally the effects cf various amounts of negative 
dihedral on the lateral stability and control character- 
istics of an airplane at high lift coefficients. The 
results of this Investigation are presented herein. 

These results are part of ■; more comprehensive investigation 
being made to determine the effects of large variations 
of dihedral angle, vertical-tail area, and lift coefficient 
on the lateral stability characteristics of an airplane. 

The present investigation consisted in power-off 
flight tests of a model on which the geometric dihedral 
angle was varied from 0° to -20° for vertical-tail areas 
from 0 to 35 percent of the wing area and for lift coef- 
ficients of 1.0, l.k, and 1.3. Sufficient combinations 
of dihedral srmle and tail area were tested at each of 
the three lift coefficients to determine the effect of 
dihedral, tail area, and lift coefficient on the lateral 
stability and control characteristics over the range of 
the variables. The results of the flight tests of the 
model are presented in the form of qualitative ratings of 
the general flight behavior of the model for each test 
condition. 
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m mass of model, slags 

S wing area, square feet 

S t vertical-tail area, square feet 

b wing span, feet 

V free -stream velocity, feet per second 

/'I 2 \ 

q dynamic pressure, pounds per square foot ^pV j 

T time to damp to one-half amplitude for spiral 

divergence, seconds (negative values indicate 
time to increase to double amplitude) 

k y radius of gyration of model about longitudinal axis, 

A feet 

k^ radius of gyration of model about vertical axis, feet 

R Routh's discriminant 

D coefficient in stability quartic equation, given in 
reference 2 

S coefficient in stability quartic equation, given in 
reference 2 


X 

r 

P 

P 

p 

Y 

r 


roots of stability quartic equation 

yawing angular velocity, radians per second 

mass density of air, slugs per cubic foot 

angle of sideslip, degrees except where otherwise 
specified 

rolling angular velocity, radians per second 
flight-path angle, degrees 

geometric dihedral angle of me an -thickness line, 
degrees 
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airplane relative-density factor 

/ m \ 

tine-conversion factor ( p'gyy 


(&) 


lift coefficient 
lateral-force coefficient 


roll ing -mome nt coefficient 
yawing-moment coef f ic lent 


/ Lateral f orce 
t \ 

\ qs 

^ Roll j- n o momen t^ 


q3b J 

Yawing none nt\ 
v qSb J 


rate of change of lateral-force coefficient with 
angle of sideslip, per radian ( dCv/d $ ) 

rate of change of rolling-moment coefficient with 
angle of sideslip, per degree except where 
otherwise specified (■’’Cj/M 

rate of change of yawing-moment coefficient with 
angle of sideslip, per degree except where 
•'otherwise specified (^Cn/dp) 

rate of change of rolling-moment coefficient with 

/'&: i \ 


rolling-angular-velocity factor 


\ 2V’ 


rate of change of yawing -moment coefficient with 

/ dC n \ 

rolling-angular-velocity factor ( j 

\ 2v/ 

rate of change of rolling-moment coefficient with 

/dCj \ 

yawing-angular-velocity factor ( ~ g j 

\ 2V/ 

rate of change of vawing-moment coefficient with 

/*£n\ 


yawing- angular-velocity factor 


\ 2V/ 
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APPARATUS 




* 


The investigation was carried out in the Langley 
free -flight tunnel, which is equipped for testing free- 
flying dynamic airplane models. A complete description 
of the tunnel and its operation is given in reference J. 
Force tests to determine the static lateral stability 
derivatives were made on the Langley free -flight-tunnel 
six-component balance, described in reference L. This 
balance rotates with the model in yaw, so that all forces 
and moments are measured with respect to the stability 
axes. The stability axes are an orthogonal system of 
axes having its origin at the center of gravity in which 
the Z-axis is in the plane of symmetry and perpendicular 
to the relative wind, the X-axis is in the plane of 
symmetry and perpendicular to the Z-axis, and the Y-axis 
is perpendicular to the plane of symmetry. 

The control used on free-f light-tunnel models is a 
"flicker” (full-on or full-off) system. During any one 
particular flight the control deflections in the full-on 
positions are constant and the amount of control applied 
to the- model is regulated by the length of time the con- 
trols are held on rather than by the control deflections 
used. 


A three-view drawing of the model used in the tests 
is shown as figure 1 and photographs of the model are 
presented as figures 2 to Ip. Figure 5 is a photograph of 
the model, with a geometric dihedral angle of - 15 °, flying 
in the test section cf the tunnel. Although the model 
used in the tests was not a scale model of any particular 


drplane, it approximately represented a —-scale model 


of any current fighter airplane. 


For all tests the mode 
flap arrangement consisting 
slotted flap located inboer< 
span and a 20 -percent-chord 
outboard over L.2 percent of 
rear portions of the double 
and 70 °, respectively, with 
The balanced split flap was 

The effective dihedral 
geometric dihedral angle cf 


was equipped with a duplex 
of a 40 -pei*cent-chord double 
over i|.0 percent of the semi- 
balanced split flap located 
the semispan. The front and 
slotted flap were deflected JO 0 
respect to the airfoil chord, 
deflected 1x0°. 

was changed by altering the 
the wing. Four geometrically 
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similar vertical tails and two end-plate vertical tails 
were used on the model to produce changes in directional 
stability. (See fig. 1 . ) 

The model relative-density factor and radii of 
gyration varied slightly during the test program between 
the following limits: 


8.10 to 8.92 

2* . 0.161 to 0.181 

b 

k 7 

— 0. 24I to 0.290 

b 


The data presented in references 1 , 9 > and 6 indicate 
that changes of weight and moment of inertia of the magni- 
tudes involved in the present investigation would make no 
pronounced difference in the stability or flying character- 
istics of the model. 


TESTS 

Scope of Tests 


Plight tests of the model were made at lift coef- 
ficients of 1.0, 1 .Ip, and 1.8 with the following combi- 
nations of dihedral angle and vertical-tail area: 


Vertical j 
tail | 

Vertical-tail area, | 

S t /3 i 

Geometric d 
angle , 
(deg) 

: Off ; 

! 1 

...... — " j 

° 

-5, -10,-20 

1 i ! 

i -i- 

i 

.05 

0, - 5 9 - » 

! 

1 2 ' 

1 f 

.05 

: 0, -5, -10 

1 * j 

! y : 

.10 

0 

*• 

1 

v..n 

^ ! 

•15 

! 0, -5, -10, 

4, 5, 6 

.35 (total) 

0, -5, -10, 


15 , 


20 
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,o snd Cru corresponding to the various 
P P 


The values of C j, 

test conditions were determined from force-test data and 
are presented in figure 6. These data show that the tests 

C in from C . 0032 to -0.0016 and a. 


covered a range o 


range of C n ^ from 0.0001 to 0 . 00 o 6 . The test range is 


considered representative of present-day limits, as shown 
by the data presented in figure 7. 'These daca show that 
the variation of C n ., and Cj , of two high-powered 

P P 

(2000 b.hp) airplanes over their speed range falls almost 
within the range of values covered by the tests. 


Testing Procedure 

The model was flown at each test condition by me ens 
of ailerons alone ana ailerons coupled with rudder. The 
rudder trax^els used were selected by visual observation 
of flight tests as the amount necessary to eliminate the 
yawing due to aileron deflection and rolling. For rests 
in which the rudder control was crossed (that is, left 
rudder applied with right aileron and right rudder applied 
with left aileron), the rudder travel was the same as that 
used for the coordinated rudder and aileron control at 
the same test condition. For the tail-off condition the 
ailerons were rigged up 12° in order to eliminate the 
adverse yawing due to aileron deflection. The stability 
and control characteristics of the model were noted by 
the pilots from visual observation, and motion pictures 
were made of some flights in order to supplement the 
pilots' observations. 

The spiral stability of the model was determined by 
the pilot from the rate at which the model, with controls 
fixed, sideslipped and rolled from level flight. An 
increasing rate of rolling and inward sideslip was judged 
as spiral instability. 

The general oscillatory stability characteristics 
were judged by the pilot from the damping of the lateral 
oscillations of the model after a disturbance. The model 
could never be allowed to fly with controls fixed for 
sufficient time to allow measurement of period and damping 
from the motion-picture records. 
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Flight -behavior ratings based on the pilot’s opinion 
of the general stability and control characteristics oi 
the model were recorded for each test condition. Each 
rating was based on a number of separate flights. Although 
the accuracy of these ratings depended upon the pilot's 
ability to recognize unsatisfactory ' conditions, it is 
believed that the ratings give a qualitative indication 
of the effect of changes of the variables involved. 


CALCULATIONS 


Boundaries for neutral spiral stability (E =^0) , 
neutral oscillatory stability (R = C), and neutral 
directional stability (D = 0) were calculated over the 
test range by means of the stability equations of refer- 
ence 2 and are shown in figure o. Lines of constant 
damping of the spiral mode were also calculated for the 
model by determining the root of the stability quartic X 
that would give the desired value of damping by the 
formula (from reference 2) 


and by determining var 

would give this root 
the s tab! lit:/ quartic. 
damping are shown in f 


ious values of Cj_ and C n that 

P P 

\ from substitution of the root in 
The calculated lines of constant 
igure 8. 


Values of the static -lateral-stability derivative Cy^ 

used in the calculations were obtained from force tests 
of the model. The value of the rotary derivative Cn r 
was obtained from free -oscillation tests ot the model by 
the method described in reference 7 . The other rotary 


derivative's C 

’ ret 

The values of the 


and 


we re e s t inis ted 


>om 


>* Cr V 

the charts of reference 8 and the formulas of reference 9 . 
naiiics t.h n nisss char sc t a r is t i cs w v — or >^ L "- 


m. 


‘VC’ 


ana 

u 


were measured for the model. Values of the stability 
derivatives used in the calculations are given in table I. 
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' RESULTS AND DISCUSSION 


The variations of effective -dihedral parameter Cj r , 

P 

and directional-stability parameter C n „ were obtained 

r 

in the present investigation by changing the geometric 
dihedral angle and vertical-tail area. The flying 
characteristics, however, depend on the values of the 
stability derivatives, not on the method by which they 
were obtained; hence the flying characteristics of the 
model may be applied to conditions - such as wave-off, 
take-off, and landing-approach - in which negative 
effective dihedral is often caused by the high power and 
high lift coefficient. 

The principal results of the present investigation 
are given in figure 6 in the form of ratings of the 
general flight behavior. All flight ratings not in 
parentheses were obtained with a total aileron deflection 
of JO 0 ; those in parentheses were obtained with a total 
aileron deflection of 5°°* The maximum values of pb/2V 
corresponding to the aileron deflections of 30 ° an! ^ 50 ° 
were determined to be about 0.08 and 0.12, respectively, 
from roll-offs at a geometric dihedral angle of 0°, with 

i“ 

the vertical tail having ; — = 0 . 15 , and with coordinated 

S 

rudder. It was, perhaps, not necessary to use an aileron 
deflection of 50 ° for all the test points at which this 
increased travel was used. When it was found necessary 
to use 50 ° travel with a certain combination of dihedral 
angle and vertical-tail area, at a lift coefficient of 1.8, 
the same travel was used at lower lift coefficients. 


Effect of Dihedral 

Although the model was observed to be spirally 
unstable for all conditions tested, the flight data of 
figure 8 show that very satisfactory flights were obtained 
at positive values of effective dihedral. The rate of 
spii’al divergence for the conditions of positive effective 
dihedral was observed to be small and the controls-f ixed 
lateral motion was characterized by a slow gentle roll- 
off and sideslip from the steady state. The divergence 
could be controlled readily by occasional application of 
a total aileron deflection" of 30°. Under these conditions, 
the model was as easy to fly as if it had been spirally 
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stable and in the normal gusty air of the tunnel did not 
seem to require more frequent control than in a spirally 
stable condition. 

At- small values cf negative effective dihedral, 
flight characteristics were not much different from those 
at small values of positive effective dihedral and the 
slow spiral divergences were readily controlled by appli- 
cation of the aileron and rudder controls. The rate of 
spiral divergence, however, was found to become increas- 
ing^/ rapid with increasing negative effective dihedral 
until, at an effective dihedral of about - 15 °* the diver- 
gence was quite violent. As in the case of small positive 
effective dihedral, the motions were characterized by a 
rc 11-off and sideslip from steady flight. As the negative 
effective dihedral was increased, the rate cf the diver- 
gence increased until, for the conditions having the 


larger negative dihedral angle 


the motion ape eared to 


be as rapid as a 


aileron roll. As the negative 


effective dihedral was increased, the controls had to be 
spoiled sooner after the divergence was noticed because , 
when there was only a. slight lag in the application of 
corrective control following a disturbance, the unstable 
moments resulting from spiral instability became suffi- 
ciently large to overpower the moments of the controls 
so that return to straight flight w as impossible. 


It was found impossible to f ly the model with negative 
effective dihedral angles greater than about -10° 

(q 7 = 0.002) with a total aileron deflection of JO . 

6 P 

The rate of spiral divergence apparently had become great 
enough by the time the pilot applied opposite control to 
make recovery impossible. The rate of divergence was 
observed to be retarded with aileron application, out the 
model continued to diverge. 

In order to obtain data for the whole test range, 
the total aileron deflection was increased from J0° to 50° 
for all test conditions having a value of Cjp> 0.002. 

It was therefore possible to control the spiral divergence 
over the complete range of negative dihedral angles, 
plight ur.aei’ conditions of Ct ^ 0.002 was difiicuit, 

P 

however, because flying the model required constant 
attention to the controls. The largest negative effective 
dihedral snyles (Gj r ~ 0.00J) seemed to be the maximum 

for which the model could be flown with a total aileron 
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deflection of 50 °, inasmuch as even slight delays in 
applying lateral control allowed the model to continue 
to diverge. Many crashes therefore occurred during the 
tests at values of C of about 0.00J. 

P 

The general flight-behavior ratings in figure 8 were 
given when the rudder was coordinated with the ailerons 
in the normal manner (right rudder with right aileron). 

The flight tests, however, showed that using the ailerons 
alone for control or even crossing the rudder control 
improved the flying characteristics of the model throughout 
the negative dihedral range and made the model slightly 
easier to control. This improvement evidently took place 
because the sideslip resulting from adverse yawing opposed 
the inward angle of sideslip caused by spiral divergence 
and, in spite of the adverse effect of rolling due to 
yawing, reduced the rolling divergence. This reduction 
of inward sideslip caused the response to the controls to 
be improved. The large amplitude of the yawing motions 
•caused by crossing rudder control, however, was objection- 
able to the free -flight -tunnel pilots. Applying opposite 
rudder ’with ailerons would probably be objectionable to 
the pilot of an airplane inasmuch as it is an unnatural 
motion and would cause a loss of altitude. In a crucial 
moment, the pilot's reaction would probably be to apply 
coordinated rudder and aileron control rather than to 
think to apply rudder opposite to the ailerons. A pilot 
might, however, be trained to apply no rudder with aileron 
control when flying an airplane in conditions that are 
known to give negative dihedral effect and thus obtain 
some improvement in the control response for recovery. 


The wave-off, take-off, and landing-approach conditions 
are believed to be dangerous for airplanes that have large 
negative effective dihedral because, when these conditions 
ere encountered, there is only a limited altitude in which 


to apply corrective control. To fly with as much negative 
effective dihedral as was encountered in the present tests 
should be possible If the airplane ailerons are as power- 
ful as those of the model tested and if careful attention 
is given to controlling the airplane. To fly airplanes 
with greater negative effective dihedral angles than were 
encountered in the present tests might be possible inasmuch 
as the rate of divergence of the airplane would be l/ylT 
times as fast as that of the model, where N is the scale 
of the model as 10, 15, ate. Fo information is available, 

however, concerning the relative reaction time and the 
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time to deflect the controls for free -flight -tunnel and 
airplane pilots. Inasmuch as there has been no correlation 
of the boundaries of the region in which flight is pos- 
sible in the Langley free-flight tunnel with time to damp, 
extension of the results to more negative dihedral angles 
has not been attempted. 


Effect of Directional Stability 


Increasing the directional stability 



improved 


the general flight behavior of the model over the range 
of dihedral angles and lift coefficients tested, as shewn 
in figure 8. 


The tests showed that for the range of positive 
effective dihedral angles tested adequate directional 
stability was more desirable than the slightly lower rate 
of spiral divergence associated with lower directional 
stability, because excessive yawing was encountered with 
low directional stability. The rates of spiral divergence 
encountered in the positive dihedral range were, as 
previously discussed, quite slow even with a high degree 
cf directional stability. 


When the effective dihedral was negative, however, 
increasing the directional stability was observed to cause 
a slight reduction of the rate of spiral divergence. This 
reduction is in agreement with the calculations of the 
spiral stability, as shown by the increase in time for the 

motion to increase to double amplitude as Cn 0 increases. 

**P 


An analysis of the general flight-behavior ratings and 
the calculated lines of constant damping of the spiral 
divergence indicates that the general flight behavior 
within the negative effective-dihedral range is primarily 
influenced by the spiral stability. 


The motions of the model with a geometric dihedral 
angle of -20°, with tails off, and at lift coefficients 
of’l.lq and 1.8 appeared to be directional divergences. 
Immediately after taking off, the model commenced a diver- 
gence in yaw that was followed by rapid rolling in the 
opposite direction caused by the negative dihedral. No 
recoveries from the initial divergence could be obtained. 
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Effect of Lift Coefficient 

The flight ratings of figure 8 show that increasing 
the lift coefficient from 1.0 to 1.3 at constant values 
of C 7 end C~ had a s light lv detrimental effect on 

the general flight behavior of the model over the negative 
effect ive- dihedral range. This detrimental effect is 
believed to be caused by the increase in the rate of spiral 
divergence indicated by the calculated lines of constant 
damping shown in figure 3. 


CONCLUSIONS 


The following conclusions were drawn from free-f light- 
tunnel tests to determine the effect of negative dihedral 
on the lateral stability and control characteristics of a 
free-flying dynamic model at high lift coefficients: 

1. As the effective dihedral was decreased from 0° 
to - 15 ° , the model became increasingly difficult to fly. 


With an effective 


he dr a 1 of -15° the 


ying character- 


istics were considered to be dangerous because, when there 
was only a slight lag in the application of corrective 
control following a disturbance, the unstable moments 
resulting from spiral instability became sufficiently 
large to cvemower the moments of the controls so that 
return to straight flight was impossible. Inasmuch as 
full-scale airplanes because of their greater size will 
diverge at a slower rate than free-f light-tunnel models, 
the amount of negative effective dihedral that would 
constitute a dangerous condition is expected to be greater 
for full-scale airo lanes . 


2. In addition to reducing the amount of sideslipping 
over the range of dihedral angles tested, increc.sing the 
directional stability was found to reduce the spiral sta- 
bility for positive effective dihedral angles and to 
increase the spiral stability for negative effect ive 
dihedral angles. The net result of increasing directional 
stability, however, was to improve the general flight 
behavior over the entire dihedral range. 

3. In the negative effective-dihedral range, increasing 
the lift coefficient from 1.0 to 1.8 had a slightly 
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detrimental effect upon the general flight behavior of 
the model at any given value of effective dihedral and 
directional stability. 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 
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TABLE I.- STABILITY DERIVATIVES OP MODEL USED IN CALCULATIONS 

{Values were arbitrarily assigned to C n p, the independent variable 
Cj was used as the dependent variable, p. = 8.12; = 



Y 

(d*g) 


- 0.102 
-.Ilk 
-.128 
— • 166 
-.230 
-.294 

::g 

-. 611 ). 

-.71^2 

-.870 


-0.060 

-.058 

-.056 

-.090 

-.040 

-.031 

-.021 

-.002 

.015 

.032 

.048 


0.246 

.248 

.250 


-0.040 

-.048 

-.055 

-.078 

-.115 

-.153 

:•$? 

-31+0 

-.413 

-. 1+91 


-11.6 

-11.6 

-11.6 

— 11.6 

- 11.6 

- 11.6 

- 11.6 

- 11.6 

- 11.6 

- 11.6 

- 11.6 


-0.108 

0 

-.121 

.005 

-.155 

.010 

-.175 

.025 

-.242 

.050 

-.308 

.075 

-.375 

.100 

-.508 

.150 

-.642 

.200 

-.775 

.250 

-.909 

.300 






-0.0&6 

-.085 

-.084 

-.080 

-075 

-.067 

-.060 

-.047 

-.056 

-.025 

-.015 


= 1.8 


1-9 

-0.114 

0 

1-9 

-.113 


1-9 

-.112 


1-9 

-.110 


1-9 

-.106 


V 9 

k -.103 


v 9 

-.■099 


1-9 

-.092 


1-9 

-.085 


(-9 

-.082 


1-9 

-.078 




is measured in radians, 
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Figure /. - Three-view sketch of model tested m Langley 
free- flight tunnel showing range of dihedral adjustment 
and alternate vertical- toil arrangements. 



Figure 2.- Three-quarter front view of model with vertical-tail area 

30 percent of wing area. 






Figure 3.- Plan view of model 
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Fig. 4 



Figure 4.- Model mounted on balance strut in Langley free-flight tunnel. 
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Fig. 5 



< 

Z < 




Figure 5.- Model, with dihedral angle of -15°, flying in 
Langley free-flight tunnel. 
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Fig. 6 





Directional- stability parameter ; C nR) per deg 


Fig. 7 
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F/gure 7 Values of and Cn^ tor /wo 
modern h/gh -powered airplanes as 
compared with 7 he range tested* 









